On growth beyond critical thickness, interfacial mis¯t dislocations partially relax the mis¯t strains in epitaxially grown nano¯lms. In this study the stress state and growth of nano¯lms are simulated using Finite Element Method (FEM) by imposing stress-free strains, corresponding to the lattice mismatch between Nb nano¯lm and Sapphire substrate. On growth of the Nb nano¯lm, a triangular network of edge mis¯t dislocations nucleates at the ð0001ÞAl 2 O 3 jjð111ÞNb interface. Using a combined simulation of a coherently strained nano¯lm and an edge dislocation, the critical thickness for the nucleation of an edge dislocation is determined using an equilibrium energy criterion. Theoretical analyses in literature use only the component of the Burgers vector parallel to the interface, which is an erroneous description of the stress state and energetics of the system. In this investigation the full interfacial edge dislocation is simulated using standard commercially available software and comparisons are made with results available in literature to bring out the utility of the methodology.
Introduction
On growth of¯lm beyond a certain thickness, interfacial mis¯t dislocations partially relax the coherency (mis¯t) strains in the epitaxial¯lm/substrate system. The thickness at which this happens is termed as the critical thickness ðh c Þ. Mis¯t dislocations can arise from three methods. 1 The critical thickness determined from the minimization of energy of the system is termed as the equilibrium critical thickness. 2 Based on the condition of mechanical equilibrium, Matthews and Blakeslee 3 have calculated the critical thickness for the formation of mis¯t segments in epitaxial¯lms and multilayers. People and Bean 4 by equating the energy of the dislocation to the strain energy stored in the epitaxial¯lm have determined the critical thickness for the GeSi/Si system. Jesser and Kui 5 have pointed out that the equilibrium critical thickness criterion works well for metallic systems. People and Bean 4 in order to explain the critical thickness of semiconductor systems have used the concept of a¯xed nucleation barrier to the formation of dislocations. Further, to understand the critical thickness of semiconductor systems Matthews et al. 6 considered a velocity term. Dodson and Tsao 7 extended the idea of Matthews et al. 6 taking into account dislocation multiplication. Epitaxial Nb¯lms on Sapphire substrates have important applications (considered a model system) and have been experimentally and theoretically investigated.
8À10 Gutenkunst et al. 8 have used the parallel component of the Burgers vector (b jj of the pure edge dislocation) for understanding strain relation in the Nb/sapphire system and have further pointed out that the perpendicular component of the Burgers vector ðb ? Þ leads to the tilt of the lattice. They have mentioned that the epitaxial stresses cannot lead to glide of bulk dislocations (leading to the formation of mis¯t segments) and have proposed mechanisms for the nucleation of mis¯t dislocations. Experimentally they have determined the critical thickness to be less than 12 nm.
The present work is intended to make the following important contributions to our understanding of the stress state of epitaxial systems, mis¯t dislocations, and critical thickness: (i) correct the error (in standard theoretical formulations) in considering a rigid substrate and compute the stress state of an epitaxial system when the substrate is deformable, (ii) utilize an interfacial mis¯t dislocation (as opposed to a dislocation in a bulk material) for the determination of critical thickness, (iii) correct the error in using only the component of the Burgers vector parallel to the interface ðb jj Þ and calculate the resultant stress state of the system (due to the mis¯t dislocation and coherency strains) when the Burgers vector is inclined to the system, and (iv)¯nd the critical thickness when a dislocation with an inclined Burgers vector partially relaxes the stress state of the system and determine the stress state after the critical thickness is exceeded. As will be shown later, the use of a rigid substrate is not only incorrect in terms of the energy calculated, but also physically erroneous. The current work serves as an example toward understanding a variety of coherent nanostructures wherein the properties of the system are dependent on the coherency stresses (e.g., bandgap in semiconductor epitaxial¯lms).
Theoretical Background and Simulation Methodology
The energy of an epitaxial¯lm ðE h Þ of thickness h is given by 11, 12 :
where G is the shear modulus, f m is the mis¯t strain, and is Poissons ratio. The critical thickness for the generation of a mis¯t segment is given by 3 :
where h c is the critical thickness, is the angle between the dislocation line and its Burgers vector, and is the angle between the slip direction and that direction in the¯lm plane which is perpendicular to the line of intersection of the slip plane and the interface. Attempt will be made to capture the essential features of the Nb/sapphire system with a 2D numerical model (plane strain). Two sets of system con¯gurations will be used as shown in Figs. 1(a) and 1(b) to simulate: (a) the stress state of the epitaxial system with a mis¯t edge dislocation, which has the component of the Burgers vector parallel to the interface and (b) the real physical scenario, wherein the Burgers vector (along with the extra \half plane") is inclined to the interface.
The growth of an epitaxial¯lm of Nb is simulated by imposing stress-free strain corresponding to the lattice mismatch strain with sapphire . 13 The value of G and are calculated by Voigt averaging single crystal data. 14 An edge dislocation is simulated by imposing stressfree strain corresponding to the removal of a halfplane of atoms ð" d ¼ ð2b À 3bÞ=3b ¼ À1=3Þ in the numerical model.
A combined simulation of a growing¯lm and an interfacial mis¯t dislocation is used to determine the critical thickness. Domains were meshed with bilinear quadrilateral elements with mesh size b Â b, and plane strain conditions are assumed. The numerical model was implemented using the Abaqus/standard (Version 6.8, 2008) FEM software, wherein stress-free strains are imposed as thermal strains.
Results and Discussion
The stress state (plot of x stress contours) of system on growth of about 12 layers is shown in Fig. 2 . It is to be noted that the material close to the interface in the substrate is under compressive stress, which o®sets the tensile stress in the¯lm.
The plot of x stress contours near a dislocation (in sapphire) with a vertical half-plane is shown in Fig. 3(a) and the corresponding plot for a dislocation with an inclined half-plane is shown in Fig. 3(b) . The following points are noted from the¯gures: (i) the stress state is modi¯ed with respect to an edge dislocation is an in¯nite cylindrical body 15 ; (ii) the compressionÀtension symmetry seen for a symmetrical position of the dislocation in a bulk domain is broken if the dislocation is o® center, but the leftÀright mirror symmetry is maintained; (iii) if the extra half-plane is inclined then all the symmetry in the stress plot is lost. It is to be noted that the stress state of the dislocations is modi¯ed, when it functions as an interfacial edge dislocation due to: (i) di®erent material properties across the interface and (ii) superimposition of epitiaxial stresses in the¯lm/ substrate. Hence, an interfacial mis¯t dislocation is very di®erent in character as compared to a normal dislocation and standard formulae for dislocation energy and stresses cannot be used for interfacial mis¯t dislocations.
The stress state of the system in the presence of a mis¯t edge dislocation (on growth beyond critical thickness) is shown in Fig. 4 (with vertical halfplane) and Fig. 5 (with inclined half-plane) . The di®erence in the stress states for the two cases (vertical versus inclined half-plane) is evident from the plots and hence it is physically erroneous to use only b jj for determining the energy or the stress state of the system (and for the calculation of the critical thickness). It is evident that the properties of the nanostructure (which depend on coherency The zoomed-in region shows the stress contours near the mis¯t dislocation line. The zoomed-in region shows the stress contours near the mis¯t dislocation line. stresses) will be altered on the formation of the mis¯t dislocation.
Plot of the energy of the system before and after the nucleation of a mis¯t edge dislocation as a function of the thickness of the¯lm is shown in Fig. 6 . The critical thickness calculated using the dislocation with a full Burgers vector (with an inclined halfplane) is about 39 Å ð$13:6 bÞ. For comparison the critical thickness calculated using b jj only (vertical half-plane) is 37 Å ð$12:8 bÞ. Though this is a small di®erence in critical thickness numerically, physically the two con¯gurations (inclined versus vertical halfplane) are very di®erent.
This value compares well with the value computed using Eq. (2) for the case of a thick substrate, which is about 40 Å. However, this match should be interpreted with case due to the di®erence in methodologies used.
Conclusions
(i) The energy of the¯lm and the heteroepitaxial system as a whole (Nb on sapphire) are not linear functions of the thickness of the¯lm due to strain in the substrate (i.e., substrate deforms and stores part of the energy); (ii) the stress state and energy of dislocation in an in¯nitum (or even a symmetrically positioned dislocation in a¯nite body) are very di®erent from an interfacial mis¯t dislocation and hence only an interfacial mis¯t dislocation can perform the adequate role in epitaxial systems; (iii) in the Nb/sapphire system the stress state of the epitaxial system in the presence of an interfacial edge dislocation is not correctly depicted by considering only the component of the Burgers vector parallel to the interface, as usually done in literature and the correct description of the system is obtained by considering the complete Burgers vector of the edge dislocation, with the extra half-plane inclined to the interface; (iv) critical thickness calculated using the inclined Burgers vector is di®erent from that using just b jj ; (v) the technique developed can be used for a variety of coherent nanostructures (e.g., nanoislands, quantum dots, semiconductinḡ lms, etc.) to predict the thickness to which the overlayer can be grown without change in properties of the system (which is based on coherency stresses in the overlayer). Critical Thickness (vertical half-plane) 12.8b = 36.61 Å Critical Thickness (inclined half-plane) 13.6b = 38.89 Å Fig. 6 . Plot of the energy of the Nb/sapphire epitaxial system as a function of the thickness of the¯lm. The energy of the system before and after the nucleation of a mis¯t dislocation (with vertical and inclined half-plane) is also shown.
